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Abstract 22 
The use of reclaimed asphalt pavement (RAP) in bituminous mixtures is considerably increasing 23 
due to the environmental and economic benefits of recycled materials. However, stiffer mixes, 24 
usually resulting from RAP addition, have raised concern about long term properties of the 25 
pavement; a mechanical characterization of these mixes is thus needed. In this study, the effect of 26 
mixing condition on bituminous mixtures containing RAP was evaluated. Volumetric and 27 
mechanical properties were analysed. An experimental program, with the aim of measuring stiffness 28 
modulus, water sensitivity and cracking resistance, was conducted. Cracking resistance was 29 
evaluated according to the Fénix test since it has proved to be a convenient and effective method for 30 
characterizing cracking behaviour of bituminous mixtures at different temperatures.  31 
Mixtures containing 20% or 40% of Reclaimed Asphalt Pavement (RAP) material were tested; 32 
virgin aggregates and RAP mixing temperatures as well as mixing time were varied and 33 
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comparisons with a reference mix were conducted to characterize fracture energy and mechanical 34 
performance.   35 
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Background  37 
In the last decades energy saving and preservation of the environment have acquired a major 38 
importance in trying to curtail climate change. In roads construction this objective is pursued with 39 
the increasing use of reclaimed asphalt pavement, also called RAP. The use of this material allows 40 
an economization of energy, new fossil material and financial resources. However, it must be also 41 
considered the need to develop a new pavement mixture without negatively impacting performance. 42 
Since bituminous mixtures containing RAP are usually stiffer, it is recommended to investigate 43 
their cracking resistance. As shown by Ozer and Al-Qadi (2009), low RAP percentages in the mix 44 
(up to 20%) seem to have insignificant effects on the blended binders. Hence also cracking 45 
resistance remains almost unchanged. However, when a higher amount of RAP is used, the effect of 46 
the aged binder on the mix properties becomes significant.  47 
One crucial parameter when addressing cracking resistance is the fracture energy, which is the 48 
energy required to produce a unit surface area crack. In asphalt specimens, the load initially creates 49 
an elastic strain that may trigger a fracture. If this happens the energy is then used to propagate the 50 
cracking and deform the specimen. To evaluate fracture energy, different tests are available. The 51 
semi-circular bending test or SCB test (EN 12697-44, 2011), and the disc-shaped compact tension 52 
test or DC(T) test (ASTM D7313, 2013), are the most common. From both tests, similar parameters 53 
can be obtained and both are commonly conducted during the mix-design phase to improve 54 
cracking resistance of mixes. A new test, called Fénix, was developed by the Barcelona Tech with 55 
the aim of characterising the cracking resistance of bituminous mixtures. The Fénix test is easily 56 
feasible and overcomes the disadvantages of other tests, i.e. the arch effect in the SCB and the 57 
specimen shaping in the DC(T) (Wagoner et al. 2005). Furthermore, it has been demonstrated that 58 
the Fénix configuration is more reliable at higher temperature than the SCB (Pérez-Jiménez et al. 59 
2013). Pérez-Jiménez et al. also obtained a correlation between the Fénix and fatigue law 60 
parameters (2011) and demonstrated that this test can give an all-around characterisation of the 61 
cracking resistance of a pavement. 62 
At high RAP percentages, it is very difficult to know to what extent the aging of the RAP binder 63 
affects the properties of the mixture; a blending between oxidized and virgin binder occurs but it is 64 
very unlikely that this blending becomes complete (Mc Daniel et al., 2000). Some researchers found 65 
that this inability of the aged binder to achieve full mobilization leads to “under-asphalted” 66 
mixtures, with higher void content, reduced cracking resistance or lower resistance to water action 67 
(Al-Qadi et al., 2007; Zaumanis and Mallik, 2015). 68 
The degree of blending between RAP, binder and new aggregates has been studied by Huang et al. 69 
(2005), who analyzed the coating obtained in the recycled mixture, subdividing it into layers, and 70 
found that the outer layers were much softer than the inner ones, putting evident that the 71 
combination of both bitumens was not uniform or complete. Others like Bowers et al. (2014) and 72 
Marsac et al. (2014), also studied the efficiency of blending by means of different techniques, such 73 
as gel permeation chromatography and infrared spectroscopy respectively. Both procedures also 74 
confirmed that blending could be incomplete. 75 
The greater or lesser degree of blending between the RAP bitumen and the new bitumen depends, 76 
among other reasons, on the way in which the mixture is manufactured. Two manufacturing 77 
processes are clearly differentiated: RAP can be incorporated into hot mix asphalt produced in a 78 
batch plant up to a rate of approximately 20%. In this case, aggregates are usually overheated in the 79 
dryer drum to get the energy required to dry and heat the RAP. For higher percentages of RAP, an 80 
adapted asphalt plant is necessary in order to preheat RAP and facilitate the blending. Two key 81 
variables are involved in the mixing process: the temperature of the mixture components and the 82 
mixing time. 83 
Clearly the higher the temperature at which the RAP is exposed, the greater the aging that the RAP 84 
could further undergo, especially when exceeding 100°C (Yu et al., 2016). On the other hand, when 85 
RAP is incorporated at ambient temperature, increasing the mixing time favors both the total drying 86 
of RAP and the homogenous heating between the components of the mixture, resulting in a higher 87 
quality recycled mixture (Howard et al., 2009). Some studies investigated the temperature evolution 88 
and the amount of RAP binder transfer during the mixing of the overheated new aggregates and 89 
RAP; results showed that either a longer mixing time or higher overheated new aggregates is 90 
necessary when high RAP contents are to be used, as stated by Zhang et al. (2015). 91 
For these reasons, the purpose of this study is to evaluate the mechanical properties of a mixture 92 
recycled with 20% and 40% of RAP, considering different manufacturing alternatives, simulating 93 
the effect of two variables: the temperature of the aggregates and RAP, and the mixing time. 94 
Experimental Plan and Methodology  95 
The aim of this study was to verify the effect of 1) mixing time and 2) temperature on bituminous 96 
mixtures, especially those containing RAP. The same mixing energy was applied through a 97 
mechanical mixer. Different combinations of temperatures were tested to evaluate their influence on 98 
aged and virgin bitumen, and their blending (Figure 1).  99 
 100 
Figure 1. Experimental plan 101 
The effect of these parameters was studied on mixtures containing 20% and 40% of RAP and the 102 
results were compared with a reference virgin mix. 103 
Void content was first calculated according to EN 12697-6 (2012) and the dynamic modulus was 104 
sequentially tested (EN 12697-26, 2012). Indirect tensile strength was evaluated and sensitivity to 105 
water (EN 12697-23, 2004; EN 12697-12, 2009) of the mixes was assessed. Finally, the Fénix test 106 
was executed at three different temperatures. 107 
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The Fénix test is commonly used to calculate the dissipated energy during the cracking formation. 108 
The evaluation of this energy is an effective way of estimating cracking resistance of asphalt 109 
mixtures. The half of a cylindrical specimen, 63.5 mm thick with a diameter of 101.6 mm prepared 110 
by Marshall or gyratory compaction, is subjected to a tensile stress at a constant displacement 111 
velocity (1 mm/min). The test temperature is controlled. In the middle of the flat face of the 112 
specimen, a 6 mm deep notch is made. Then, the specimen is glued to two steel plates with epoxy 113 
resin. The plates are attached to a loading platen with a hinge, so that they can make a small rotation 114 
(Figure 2).  115 
Load and displacement data were recorded throughout the test to calculate the parameters involved 116 
in the cracking process. The dissipated energy during cracking, GD, is calculated by Equations 1 and 117 
2. 118 
𝐺𝐷 =
𝑊𝐷
ℎ𝑙
                  (1) 119 
where GD is the dissipated energy during test (J/m
2), WD is the dissipated work (kN · mm), h is the 120 
specimen thickness (m), and l represents the initial ligament length (m). 121 
𝑊𝐷 = ∫ 𝐹𝑑𝑢
∆𝑅
0
       (2) 122 
 
  
Figure 2. Typical load vs. displacement output curve and Fénix experimental set up 
where F is the applied load (kN), u is the vertical actuator displacement (mm), and ΔR is the 123 
displacement at F = 0.1 kN post peak load (mm) (considered as a residual value). 124 
Other mechanical parameters such as peak load (Fmax), displacement at peak load (ΔFmax) and 125 
displacement at 50% of post peak load (Δmdp) are determined from the load–displacement curve, as 126 
shown in Figure 2. 127 
In previous studies (Pérez-Jiménez et al., 2010), the repeatability of the Fénix test was assessed by 128 
coefficient of variation values (COV). For dissipated energy, GD, and maximum tensile load, Fmax, 129 
COV mean values of 15% and 8.5% were obtained, respectively. Based on COV values for 130 
dissipated energy, the Fénix test seems to have good repeatability in comparison with other tests 131 
like DC(T), and SCB tests (Wagoner et al., 2005). 132 
Materials 133 
For this study ten different mixtures were prepared (Table 1). A control mixture without RAP was 134 
also analyzed. Five out of ten mixtures included 20% of RAP and were mixed varying the mixing 135 
temperatures and mixing time.  136 
  Name  
Aggregate 
Temperature 
[°C] 
RAP 
Temperature 
[°C] 
Mixing 
Time 
[min] 
Number of 
compaction 
blows (Marshall 
hammer) 
0% 
RAP 
Virgin 
160 - 2 75 
160 - 2 50 
20% 
RAP 
Mix 1 
160 110 2.5 75 
160 110 2.5 50 
Mix 2 
160 20 2.5 75 
160 20 2.5 50 
Mix 3 
160 20 3.5 75 
160 20 3.5 50 
Mix 4 
200 20 2.5 75 
200 20 2.5 50 
Mix 5 
200 20 3.5 75 
200 20 3.5 50 
40% 
RAP 
Mix 1 
160 110 2.5 75 
160 110 2.5 50 
Mix 2 
160 20 2.5 75 
160 20 2.5 50 
Mix 3 
160 20 3.5 75 
160 20 3.5 50 
Mix 4 
200 20 2.5 75 
200 20 2.5 50 
Mix 5 
200 20 3.5 75 
200 20 3.5 50 
 137 
Table 1. Summary of the mixes 138 
RAP was used at 110°C or at 20°C, while the aggregates were heated at 160°C or overheated at 139 
200°C, with the aim of simulating the manufacturing processes explained in previous sections. Both 140 
temperatures participate to determine the final mixing temperature; thus, after mixing RAP, 141 
aggregates, bitumen and filler, the temperature of the mixture was measured with a laser 142 
thermometer. The mixing time was 2.5 minutes and 3.5 minutes. 143 
Similarly, five mixtures with 40% of RAP were prepared. For each specific combination of mixing 144 
time and temperature, six specimens were realized with 50 blows and other six specimens with 75 145 
blows of a Marshall impact compactor (EN 12697-30, 2013). 146 
Mixes gradation was developed for a binder layer of the pavement; nominal maximum aggregate 147 
size was 22 mm. The gradation of the RAP (before and after the bitumen extraction) was studied to 148 
identify the amount of virgin aggregates to be added to fall within the limit curves. The sieve size 149 
gradations are showed in Figure 3.  150 
 151 
 152 
Figure 3. Gradations of materials 153 
The virgin binder used for the specimens without RAP is 50/70 dmm pen grade bitumen. Instead, 154 
70/100 dmm pen grade bitumen was used for specimens containing RAP. It was, in fact, expected 155 
that the blending between the aged RAP bitumen and the virgin softer binder resulted in a similar 156 
performance to the 50/70 dmm. The amount of binder and main physical characteristics are shown 157 
in Table 2. 158 
 
Penetration 
(EN 1426) 
(dmm) 
Softening Point (EN 1427) 
(ºC) 
Bitumen Extracted 
(%) 
Bitumen in the mix 
(%) 
50/70 pen grade 51 50.9  4.25 
70/100 pen grade 84 47  4.25 
RAP binder 7 87 3.5 4.25 
 159 
Table 2. Properties of the binders 160 
 161 
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Preliminary Results 163 
The void content was estimated for all the specimens. Figure 4 shows that increasing the amount of 164 
RAP generally results in greater void content with 40% RAP mixes exhibiting up to 7.4% of voids 165 
due to compaction difficulties. Longer mixing times generally decrease the content of voids because 166 
the degree of blending between virgin and oxidized binders was improved and compaction was thus 167 
facilitated. Higher RAP temperatures led to a reduced viscosity in the binder and, therefore, better 168 
aggregate flow during compaction. 169 
 170 
Figure 4. Void content of the mixtures 171 
Dynamic modulus of 75-blow specimens was evaluated at 20 ± 0.5°C. As expected, the stiffness 172 
modulus was improved as the content of RAP increased.  173 
If RAP is not heated (i.e.; used at 20°C), the oxidized binder does not blend with the virgin binder 174 
and stiffness is reduced. Increasing mixing temperature provided an improved blending; this led to 175 
greater modulus (Figure 5). This is even more evident in specimens with 40% RAP. Heating RAP 176 
up to 110°C provided a double modulus respect to the virgin mix without RAP.  177 
 178 
Figure 5.  Dynamic Modulus of the mixtures 179 
Increasing the mixing time provided greater stiffness due to improved degree of blending (when 180 
RAP was heated), lower void content and greater homogeneity.  181 
50-blow specimens were used to analyze the indirect tensile strength (Figure 6). Each mix was 182 
tested at different conditions, dry and wet, to evaluate water damage according to EN 12697-12 183 
(2009); the test was conducted at 15°C. The Indirect Tensile Strength Ratio (ITSR) index was thus 184 
calculated as the ratio between the ITSwet and the ITSdry. 185 
 186 
Figure 6. Indirect tensile strength of the mixtures at 15°C 187 
Increased water damage is shown by ITSR lower values. ITSR value ranged from 84% (Mix 2, 40% 188 
RAP, 2.5 minutes of mixing, Tagg = 160°C, TRAP = 20°C) to 99% (Mix 5, 40% RAP, 3.5 minutes of 189 
mixing, Tagg = 200°C, TRAP = 20°C). As demonstrated by Iwanski Chomicz-Kowalska (2012), 190 
tensile strength grows as the percentage of blended and oxidized binder increases. Generally, tensile 191 
strength is higher as the percentage of RAP in the mixes increases. The tensile strength and the 192 
water susceptibility did not seem to be greatly influenced by the mixing time. A better blending, 193 
depending on higher RAP heating temperatures, provided better mechanical performance and 194 
resistance to water damage (Figure 7). This could be noted in Mix 1, Mix 4 and Mix 5 where 195 
aggregates were overheated or RAP was preheated. 196 
 197 
Figure 7. Indirect tensile strength ratio of the mixtures  198 
Fracture Energy 199 
As a matter of fact, RAP binder is commonly stiffer than the virgin binder due to aging processes. 200 
Low-temperature fracture, fracture energy and fatigue cracking should therefore be analyzed. 201 
Figure 8 shows the results of Fénix test on the reference mixtures at three different temperatures. 202 
 203 
Figure 8. Fénix test at three different temperatures 204 
Prior to fracture, the work effectuated by the load is principally stored as elastic strain energy. Upon 205 
fracture, the energy is spent in propagating the crack and irreversibly deforming the material. As the 206 
test temperature decreases the behavior of the material becomes more brittle. The slope of the 207 
elastic initial segment is increased while Δmdp (displacement at 50% post-peak load) is considerably 208 
decreased.  209 
The highest values of GD (fracture energy) were obtained at 5°C for 20% RAP mixes; however, 210 
adding 40% RAP resulted in a shift of the fracture energy peak at higher temperature (Figure 9). 211 
This could be related to an increased amount of less-ductile bitumen (i.e.; oxidized binder from 212 
RAP) into the mixes. The greatest fracture energy was provided by the reference virgin mix; all 213 
other mixtures broke at lower energy since the blended bitumen is weaker due to aging. 214 
 215 
Figure 9. Fracture energy of the mixes at different temperatures 216 
For what concerns the Δmdp, Figure 10 shows that at higher temperatures the behavior of the 217 
mixtures becomes more ductile. Once again the values of the displacement of the virgin mixture are 218 
the highest. It is worthwhile to notice that the virgin bitumen had a lower penetration (more ductile) 219 
than the one used in the mixtures with RAP (more fragile). This means that the aged bitumen in 220 
RAP substantially affects the good properties of the virgin one. Figure 10 also shows that a higher 221 
percentage of RAP reduces the capability of the mixtures to resist once the fracture is triggered.  222 
Analyses about the effect of mixing time and temperature on fracture energy are provided in the 223 
following section. 224 
Influence of Mixing Time and Temperature 225 
The fracture energy was influenced not only by the test temperature but also by the compaction 226 
temperature (i.e.; the temperature resulting after mixing the components). The experimental results 227 
highlighted that a higher mixing temperature should bring to a higher GD. When RAP is used at 228 
ambient temperature (20°C), overheating the virgin aggregates to 200°C improves the resistance of 229 
the mixture. This excess in heat allows the two materials to collaborate without compromising the 230 
good properties of the virgin binder. In colder mixtures (Tagg = 160°C, TRAP = 20°C), RAP behaves 231 
as a “black rock” (Al-Qadi et al., 2009) and its binder does not really participate to the final 232 
mechanical characterization. Particular attention should be paid to the mixtures with RAP heated to 233 
110°C; in this case the better blending considerably changed the stiffness of the mixture and led to a 234 
deterioration of the ductile properties of the virgin binder. This trend is confirmed in the mixtures 235 
with more RAP, in which the behavior of the mixtures considerably changes with the temperature.  236 
Figure 10. Displacement at 50% post-peak load of all mixtures 237 
A compromise between collaborating binders and high blending degree should be pursued in order 238 
to have the best mechanical performance.  239 
In addition, increasing the mixing time has a beneficial effect on GD, which rises, improving the 240 
fracture resistance of the material. The advantageous effect of a longer mixing time is tangible in 241 
each mix and for all RAP percentages. A well-mixed compound has a more homogeneous 242 
distribution of the aggregates and a good level of blending between the binders. 243 
Conclusions 244 
On the basis of the performed tests the following conclusions about the stiffness and the cracking 245 
resistance of RAP pavement mixes can be drawn. 246 
 The void content is higher in all the mixtures that contain RAP for constant compaction 247 
energy. The aged bitumen has a greater viscosity that reduces the workability of the mixture 248 
during compaction. Results have also highlighted that an increase of mixing temperature 249 
implies a diminishment of voids. Increasing the mixing time makes the mix more 250 
homogenous and the same void reduction can be observed. 251 
 Stiffness, measured by the dynamic modulus test, revealed that including RAP provides 252 
stiffer mixes. Preheating the RAP makes the oxidized binder to collaborate with the virgin 253 
bitumen, with a consequently higher stiffness. The lowest modulus was found in the 254 
specimens with RAP at 20°C, probably because the aged bitumen blended in a significant 255 
lower degree. An intermediate behavior was obtained by heating the aggregates to a higher 256 
temperature. 257 
 Indirect Tensile Strength was higher for all RAP mixes, especially 40% RAP mixes. 258 
However, lower mixing temperature and time increased the damage caused by the water 259 
(ITSR). 260 
 Fénix tests highlighted that fracture energy is maximum at intermediate temperature (5°C), 261 
although including greater RAP rates shifted the fracture energy peak toward higher 262 
temperatures. Greater mixing temperature seemed to have a positive effect on fracture 263 
energy, as long as RAP is not heated to a high temperature. Longer mixing times slightly 264 
increase fracture resistance; however, this could be caused by a reduced void content. 265 
Finally, it was observed that bituminous mixtures containing RAP provide a stiffer behavior that 266 
could potentially turn into cracking occurring. Overheating the aggregates without preheating RAP 267 
and extending mixing time have proven to be good expedients to improve the cracking resistance of 268 
the mixtures. 269 
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